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SECTION i. 0

INTRODUCT ION

L

t.

i
i

This report describes a study of the effects .f scat-

tering by the atmosphere and the earth on observations of the

earth to be made by the Thematic mapper scheduled for launch

on LANDSAT-D. The small field of view of'the sensors of this

instrument, their sensitivities and high radiometric resolution

may significantly increase the accuracy of classification

achievable by a satellite. Atmospheric scattering of light may,

however, present problems that cannot be resolved through instru-

mental design improvements. It is the object of this study to

evaluate the impact of light scattering by the atmosphere and

the earth.

Our approach to the problem is to employ a sophisticated

Monte Carlo com_uter code to simulate the transport of radia-

tion from its source [the sun) to the satellite-borne receivers.

We can, thus, include the impact of Rayieigh and aerosol light

scattering and the scattering of light by the ground both

within and beyond the instantaneous field of view of the sensor.

The remaining portion of this section discusses the

general problem of signature contamination by atmospheric

scattering; the details of the Monte Carlo code emple)'ed in

this study; the specifications of the details of the model

for the atmosphere-earth-receiver system; and, finally, a

summary of the specifications of the Thematic mapper.

Section 2 presents the results of a number of simulation

studies employing models of the earfh's reflectivity which a're

specifically ch_osen to illuminate certain eff_.'cts in a

quantitative way. Here, are examined, for cxamp].e, the effects

of a single albedo boundary on the earth, t]_e effects of

variable-field size, r,nd the effects related to the l_atc,l%_ork

character of tl,e ea_'ch as viewed from a sut,:llite.
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In section 3 we address the problenl of c_i]il_rat:i.n/1 the

inl;ollt;Jt)'_ i..o, _ of a_sociaLillg a sen.<:ed ]llteli._it.), with a

del'in]te :i]bedo.

A general fornmlism for treating atniospl_eric scatlering

is outlined in section 4. ltere we introduce the concepts of

the. atmospheric spread function and tile moduiaLion transfer

ftincl .i on (M'I'F). Specific exmnp!es are coinputed for the MT]:

and its :ilnl_ortance as a tool for analyzing total system per-

formance is d.iscussed.

In sect.ion 5, we examine the problem of classification

and obtain analytical tools which permit the spread £unction to

be used quantitatively to evaluate the impact of atmospheric

scattering on classification accuracy. We outline the qualitative

features of the impacts of training set sampling strategies, the

characteristics of the atlnosl_heric spread function, and heterogeneous

albedo patterns.

Final]y, in section 6, we outline our conclusions and

make a iltlliibor o[ recommoi_dntJons.
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1.1 SIC, NA'I'URI_ CONTAbIINATION BY ATHOSPIII!RIC S(.AIII'I, IN[]
4,

I

In order to understand the illlportance of the scattering

effects of tile atmo._phere t_il.h respect to observations to be

Illadt' b)' tllO Thelllatic Illal_pel" ) let II.q coilsJder) for the lllOIllOIlt)

the fundanlental basis of remote classification schemes. The

basic premise is that the character of an unknown repion lll_.ly

be determined by measuring the intensity of light reflected from

the region in several wavelength bands. Classification is

achieved b)" identi, f)'.ing the measured spectral intensities with

spectral intensities measured for a known region (training

field) under sim:ilar conditions.

Two basic assumptions are implicit in this process.

The first is that the spectral intensities 02 the light incident

on the vi.ewed region are knm_'n and fixed; i,e., the same for

the viewed region as for the training field. Secondly, it is

assumed that all light entering the sensor has been reflected

from the viewed reg:ion.

Atmospheric scatt,.-ring effects violate these a,._:;tuuptions

to some (often unknown) degree in the Lollowing ways:

1) Some of the light entering the sensor has been

reflecte;l from the ground outside the IFOV and

subsequently scattered by tile at mOsl_here into the

sensor, This becomes important when the extent and

character of the region surrotmding the IFO\'

differ markedly from that for the tvai.ning field.

2) Some l i_.:l:I entering, the sensor bus been scattered

by the atl_losphere only a_d has not been reflected

from the llround. This may contribute to clas.._ifica-

tion errors jn t_O :;:_y.s, If tilt' tr.l.[nil',g lllCtlstlrClllei/1.'.;

have bcen /aken from- sntel 1 i tc ob.;,el'\at i o.n:; _hen the

atmO,:l_h,'ri," turbidity wrs ,liffer<,ul from tha_t

__--___i ..... • ,,, i ...... ml I II i i II I'I
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prevai.li.n!,, over the unknown region, then error

may be int,'oduced. Secondly, if the training sets

arc taken from ground level observat:ions purely

atmospherically scattered light (path radiance)

adds an additional component which must be taken

into account to achieve accurate classification.

3) Some cf the 1.igkt incident on tile viewed region

has been spectrally modified by previous reflection

from the ground outside tlle viewed region. This

can be important when the area stzrrounding the

instantaneous field of view (IFOV) differs in

character or extent from the region surroullding

the test field.

Since the effects of pure atmospheric path radiance

are moderately well known, this study is primarily focused

upon evaluating tlle influence of the regions surrounding the

IFOV which contrtbute to sensed radiances through atmospheric

scattering.

5



1.2 MONTE CARLO SIMULATION OF RADIATIVE TRANSFER

,..

I
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I
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In order to gain an understanding of the impact of

atmospheric scattering and varigated ground reflectance patterus

on Thematic mapper observations, it is necessary that calcula-

tions include consideration of all of the important aspects of

the radiative transport of light from the sun to the sensor.

The most straightforward means to accomplish this is through

Monte Carlo simulation. The code CTRANS (Ref. 1) is well

suited to the present task since it possesses the following

features :

• The atmosphere is modeled as plane-parallel and multi-

layered with up to I00 homogeneous layers. Each

layer may be composed of up to five optically active

(scattering or absorbing) species: molecular

(Rayleigh) scatterers, aerosols or biases (mono-

disperse or polydisperse), ozone, etc.

• Up to 10 finite clouds of rectangular solid shape

may be superimpose d on the ambiant atmosphere.

• Arbitrarily high orders of atmospheric and ground

scattering may be included.

• The receiver may be modeled as having an arbitrary

field of view and maybe oriented arbitrarily.

• The earth's surface may be modeled as a horizontally

inhomogeneous varigated map of Lambertian reflectivity.

Several such maps may be treated simultaneously, thus

facilitating accurate cemparisons amongst the ef#ects

of different ground 'reflectance patterns. Additionally,

a given region can be modeled as representative of

the surface of the sea using the wave slope mode].

of Cox and Munk (Ref. 2) and Fresnei rcflectance.

; :.,,. _._. _ A._- :

O._ " "r- "" .......



G o Polarization effects are taken fully _nto

account.

1.2.1 Photon Transport and Sampling

CTRANS tracks photons backwards initiating them at the

receiver and following them through successive scatterings on

their path through the atmosphere. Backward tracking has been

adopted for a number of reasons. It permit _.he efficient and

direct simulation of receivers with finite f Ids of view and/

or finite extent. A forward tracking scheme • ,_Id require

the distribution of initial photons over a w_ _ area when

horizontal ini_omogeneities are present and this would introduce

large variances in the results. By initiating photons at

the receiver, this source of variance is largely avoided.

To understand backward tracking, consider first a

slngle scattering event If I is the Stokes vector of
• --O

incident unscattered light, S is the scattering phase matrix

and R is a rotation matrix which serves to rotate the plane

of reference of the Stokes vector into the scattering plane,

t}_e Stokes vector after scattering If is given by

where Rr rotates the final Stokes vector into the reference

plane of the receiver. After two scatterings, the final

Stokes vector will be

if--RrS2R sI_R1 I---_r --o

Cast in this way, it is apparent that what is important, is

the product matrix which [__ built from the scattering matrices

appropriate to the string of scatterings suffered by the photon.

_L • . , " _ - "', - ........... " .... _ I I
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This product can be built up either from the left or from the

right with the same result; i.e., we may equal.ly well. follow

the photon's history forward or backwards if we accumul.ate

scatterings properly into the product [which wc call the

cumulative scattering matrix].

1

i

r

I .

! "

There is a further advantage in tracking backwards:

contributions from several solar directions may be accumulated

from a single track. For example, i.f the photon is tracked

backwards from the receiver, only the last rotation and

scattering contain any refcrence to solar direction. Replacing.

one sun. by another means changing only these two matrices.

For each solar direction, at most, two 4 x 4 matrix multipli-

cations must be performed.

Photons are initialized at the receiver; which may be

general in the following ways: it may have finite or infinites-

simal field of view; it may be oriented pointing toward any

zenith angle with any azimuthal angle; it may be at any altitude

and have any specified x-y coordinate. On the other hand, for

flux calculations the receiver aperture may be finite. This

is accomplished by letting the receiver be an entire cloud

face (any face of any cloud, pointing into or out of the

cloud) .

I !

First, initial photon coordinates are created., If the

receiver is a cloud face, initial photon coordinates are chosen

from a uniform distribution _ver the cloud face. The photon

direction is then determined using: 1) uniform distribution

over solid angle for a cloud-face receiver, or 2) uniform

distribution over the field of view of an infinitessimal

receiver, or 3) in a specified direction if the field of view

is infinitessima]. For each type of distribution, the appro _

priate weight is COmFuted (to be multiplied intc the sampled

values upon samp]i:,g).

!

8
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The dist_ance to be traversed to a scattering is computed

on the basis of Ol_tical. d:istance to be traversed: if O is a

uniformly di.stri.buted random number, the optical distance to

be traversed is given by

= - gnO (1.2.1)

Through reference to a table containing the optical thickness

of each layer of the ambient atmosphere and taking into account

the added optical dens'tty in the interior of clouds, the optical

distance traversed and physical distance traversed are incre-

.merited until an optical distance _ has been reached. If, before

this has occured, the photon exits the atmosphere, the photon

is terminated.

Having located the position of a scattering, the scatterer

type is chosen on the basis of the relative contribution of

each scattering species at that point to the local optical

density. _ Here, a cumulative distribution function, which has

been tabulated for each layer of the ambient atmosphere, is

used in conjunction with any additional optical density due

to the presence of a cloud. Photons are not explicitly absorbed.

Instead, a weight is accumulated which at any point along the

path reflects the probability that the photon has not been

absorbed.

After having determined the scatterer type, the probability

that the photon could have come from each sun is sampled. If

_SI is the cumulative scattering matrix at the point of sampling,

the sampled Stokes vector will be

=s _[I _ o
-t

e j w (1.2.2)

where R. is a rotation matrix apt_ropriate to a scattering into

the jthJsolar direction; S. i.s a scattering matrix (a blueller
.!

. ismatrix _f the scattered is 'tn atmOSlqLeric constituent); I °

9
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the incident Stokes vccto_ in the I, Q, U, V representation;

tj is the torn1 optical distance along the path connecting

the scattering point and sunj; w is a weight reflecting the

probability, that the photon has not been absorbed (including

ground absorption for I,ambertian regions encountered-). There

will be a different value for w for each Lambertian albo_o

map. Note that the above form assumes that I represents
-o

initally unpolarized light. If the inciddnt light from the

sun were polarized, an additional rotation would be necessary.

Rj has the form

(i ° °Rj = cos2X sin2X
-sin2X cosZX

0 0 I/

where X is the rotation angle bet_qeen the normal to the pre-

vious scattering plane (or the reference direction in the

case of first scattcrings) and the normal to the scattering

plane for a scattering into the j

the general form

. . ....

Sj=--
4_

th
solar direction.

\
S12 0 0ii

l12 $22 0 0
!

0 0 $33 $34 i

40 0 -$34 S4

Sj has

where SZ, m depends upon scattering angle.
3 2

scattering, Sll = $22 = _ (1 + cos 8j)

For Rayleigh

= 3 (cos 2 _j-l)Sl2

(1.2.5)

(1.2.4)

I0



S33 _ $4_ _ _ cos _j

$34 _ 0

l

il
,
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! ,
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where 6j is the scattering angle for a scattering into the

jth solar direction. For Lambortian scattering at the ground

th

Sll -- 4 cos @j, where @j is the zenith angle of the j sun

and all other matrix elements arc zero. Lambcrtian reflection

thus is perfectly depolarizing.

Mie scattering and Fresnel scattering both have matrices

'with the form of Eq. (1.2.4). Mie elements are stored in

tabular form and values for particular scattering angles are

obtained by interpolation. The Fresnel matrix elements are

given in the discussion of ground reflectance.

The next step after sampling is to accumulate a "real"

scattering. Knowing the scatterer type, an appropriate scatter-

ing angle is found. If the scattering angle were chosen from

a uniform distribution, and if the scattering matrix appro-

priate to the medium exhibited sharp peaks, then most photons

would rapidly lose weight and large numbers of photon tracks

would be necessary in order to achieve a reasonably small

yariance. To resolve this difficulty, we use the concept of

importance sampling. We choose the scattering direction

from a biased distribution designed to maximize the resultant

contribution. The •bias thus introduced is then removed by

applying a weight. More concretely, we wish to fold _n a

scattering matrix

SII S12 0 i

S =IS! 2 $22 0 d_

4_
0 $33 $34

0 -$34 $44 /

II

, i i I
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/_:' 1.1 ' S i ,". 0 0

\

I 2 ,q ..' ..' 0 0

ll l) '- S 3,! :I

f (.F,) d ._

1,1,

ln._le;id of uhoo,_:inl ', thL' !_calterin,_,, :ln!,,le I'ro111.n l_rol_nl_ili_y

distriblllion corre:;l_oudinu, Io lhe prob;ll_ility del_:;ily .l'll

(unit'oVlll), _'e n._;e the _listribLLtion corre'_t_ndin_', to the

prob:ll_ilitv density 1"('_') d,_ The _'ei_,,ht of the photon follow..
" * ' " ,1 II ° '

in,_,, lhe :;c;l[iel'iu,_,, c;ln t hlls be ill;lxilIli::ud l_y choo:_iu,_,, f(l_'l:F il
times n COll._t:lll{ cllosen .qO th;ll lh_.' fil'.q[ Ill;Ill'iX e le_lenl is

;_lwa}'s unity. A real scnttevin,_,, i._ accmllul_ted I_y IIn|ltil_lyin,_',

into the c_llul:_t ire sc;lllerin,_,, iii;_lri× first ;1 v_tation, ;ind

lh_,ll Lh_" .q_';it l_'1"i1_!: ill;it fiX,

The proce.,-;:; is repe:l_e_l until eilher :l desi!,,n;Ite_l lllaX'-

_lllUll't I/Ulllb_'t" Of :;_.';lt t el'[ll!'.S h:l\'t.' I_.'t.'ll ._ui'i'*,'l'_'d, 'the.' l'_hO_OII

le;_ves the ;_tl_osphere or its x,'ei!,.ht drops betook' the nssi!,.ned

lhre,_hold [due, for cx;llllt_le, lo :_tl_lo._;iq_eri¢ :_l_soI'ption').

! •



I 2 _ (',round ,'_c_ltterin_,

CTRAN,q has the capability to model rei'lection:; from

Sl+alially inho,xo!,.en,_ou.g ,t,,rotlnd. 111 the presellt version of

the code, the l+hy:;ical me_,'hanism of reflection may be nu+delcd

as either l,:tmbe:'t Jail reflcctioll or ++s Fl'e';Ilt, l l'ot'lectiOll fl'Olll

a roul,,h surface and these modes may be i+ntcrmixed ill a l_atch -

work t';lsh i on.

Reflectance type is basically controlled by a reflec-

tance type map which dictates the reflectance character from

'point _o point across the :int?:inite ground p'lane. When a

photon strikes the ground, its impact coordinates are com-

puted and then used to decide whether the point of inlp:lct

was within a 1,:_mbertian or a rough Fresnel region.

Since l,:_inberti;ln reflection is not physically depen-

dent upon the direction of incidence or rerlecti.on but only

upon a scalar l,ambertian albedo, C'I'I_:\NS can model sinml-

tancouslv the effect of several values (up I'o 220) oC the

albedo for each of tile 1,amberti;ln ;'el, ions. This is accom-

plished in lhe following way: A vector of scalar weights

is nminrained; one for each albedo map. When a l,ambertian

scattering occtll's, the albedo at the point of impact is

[letermined for each of the albcdo maps and this is multil_lied

illlO the corresl_onding all, edo weight to obtain a neu weight

for subsequent use. llpon sampling, each currenl albedo

ueight is fo]ded into the sampled Stokes vector 1o obtain

samples corresponding to each of tlle allowed albedo nlaps.

If the in, pact point lies within a Fresnel rt:l,,ion, however,

the vector of albedo u'ei_,,hts is left unchan,,.ed (since it

represents the cumulat ire effects of only the 1,alnbert Jan

regi ons'} .

13



Symbolically. , tht, cntiro reflection process is as
t

follow:;: gix, tln an old cmnulative scattering matrix-So, the

new one, S N, is (:omlmted as:

S N * S O R s

where R .is a rotation matrix and s depends upon the roflcctance

type at th.e impact point. Specific examples are

I .

1

and

Lambertian s =

|:re slit., l S =

cos 0 0 0 0 /

0 0 0 0

0 0 0 0

0 0 0 0

Sl1 S12 0 0

/ I°°/0 0 $33 0

0 0 0 $33

where S.. represent t:resnel matrix elements:
lj

9 2
Sll = (P'll" + R1 )/2

2 R12)/2s12 = (Rll -

$33 = Rll R 1

14
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R ] 1

n.x'o:; X, i - cos Xt
g'l ........ . ..................................

11 ¢o:_ Xi + cos Xt

R1
cos Xi n cos X l

L1 ,,_ ....................................

cos Xi * n ct_s X t

I1 = relative index ot, refraction o1' thc, surface

Xi

×t

angle of incidence

angle of refraction, COml>uted for Xi through

Shell's law at the interl'ace: n sin Xt = sin Xi.

The vector o(" scalar weights is reneu, ed according to

A new = A.°ld x a (J'X,Y)
i 1 i '

X,Y = coordinates o{" imp;_ct point

J = 0
P

region is l,abcrtiau and the values of

ai(i=l ,220) arc determined 1"I'o111 the l,anlbcrti:ln

albedo nml, S according to the coordinates (X,Y)

J=l = region is Fresno1 a i = 1(i=1,220).

For rough Frcsn,.,1 rt, g, ions, the ro_,,,.hncss is charactcri=ed

as a distril,',uion of randomly oricnt.'.l slopin!,, plane facets

(rcf. 2). The probal_ilily dcnsily for tho distribution of

slope.; was ChOSOII lO ]l;l\'tT' tu'o. dimcn:.io_l;ll t;a_ussl;Jn form,

P("x m :_v )y '_"x 3 Y i:; lhe fra_tio.n of a small hori2ontal 1_i_.11

;ll'Oal O{'.';III'L'glL.'O t'Of h]!iC]l t]lt' x,y tiOillpOllt'lll.'; O[" 111¢ t, lol, o ;lro

., + ,S:' aa_.l '..' + ,s' . Wc specify p( .x "')'_wilhil_ lilt' lllails X- _ x )" )'
a s.- ........................

IS
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I

i
(Z x 2 -1 2 + Zy2)/o2]p ., Zy_ = (_o) exp [-(Z x

2
The variance, o i.s specified either by three paranmters W0,

I_1, W; or ;is at set value specified on inptlt:. W]lell specified

through parameters, o" is given as

2
o = W0 + W1 x W

I_/ represents wind speed (In/see) in a model for tile surface of
1

the seat ) and _0, _'1 have either their default values (I_TO =

.0015, Wl = 2.54 x 10 "3) or values specified by card input.

In the present code, all rough Fresnel regions share the

same l_arametric values.

The above form for p(Zxm Zy) represents that applicable

for a photon incident from the vertical, t:or photons incident

from some other direction, the distribution must be modified.

Let the photon's direction be given by unit vector k-, tile

direction of the normal to a facet be n, and the vert'tcal

direction be 2. 'rlte l_rOb,tbility of encam_ter will then be

given by

(,,. z)

llaving determined a slope at the photon impact point,

the angle of :incidence and, thence, the Fresnel matrix
!

elements can be determined. If k and k are the directions

of propagation of the incident and reflected photons, t_-eir

relat ion to n is

^' _.

Ik kl

lo

i,



When ._;tmplitxg t:hc coxttributions of tm._;cattc, t'cd l+hotcm:+ from

the Sun ;it a +;re_nel sc,ttterit+,+_ point, the direction of

reflect ion is giver, by the t+olar directJ.on .'tnd one merely

evnluates the' prol+abilily of havin_: ellcotuItered :I slope

having the pt'Ol+e'l" orientation. Note that in the present

model the location of the Butt is given by a l_irac delto.

function (incomings, plane waves) rather thtln being spread

over a small atlgUl:lV region. The impaied integration over

the solar direct ion (or, equivalentl.y, the change of vari-

ables within the delta function specifyin_ _, the sol.a:"

direction) introduces an ndditiona factor of

t .

.25 {n Z)-3 (k.n)-I

17
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1.3 MODEL CONDITIONS

0

An atmosphere was chosen so as to represent clear

normal conditions characteristic of the rural midwest. This

choice was dictated by the task of the Thematic Mapper to

classify agricultural regions. Because ozone is only weakly

optically active over the wavelengths included in the bands

sensed by the Thematic Mapper, it was omitted from the simula-

tion. The particle number density for the aerosol and Ray-

leigh atmospheric components are shown in figure 1.2. The

aerosol is represented by a "Haze C".polydispersion with a

particle size distribution give by

!

n(d) = 0 did o

n(d) = c

n(d) = c d "4

do<did I

dljd!dma x

Normalization provides that c is giv¢_ by

(1.S.1)

C = N
3 d14

4 dl-3 d o

(1.3.2)

where N is the total number of particles per cubic centimeter

and the values chosen for d O and d I were

do = O.06_m. (dma x = 16.16 _m.)

d I = 0.2_m.

The aerosol particle index of refraction was chosen to be

m=l.50+0.0i, i.e., the aerosol was non-absorbing.

18
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In the calculations to be reported here, we used our

standard atmosphere modified to span the turbidity levels to

be expected in the vi.cinity of a_:ricultural regions. Th:is was

accomplished by using our standard model for the Rayleigh

(molecu]ar scatterers) port:ion of the atmosphere together with

aerosol components obtained from the stal_dard model by scaling

the aerosol densities by a numerical factor which we call the

turbidity, t. The models considered here include t=0, I, 3.

The vertical optical thicknesses corresponding to the Rayleigh

and aerosol components as a function of wavelength are given

in Table l.l.

The receiver or detector was placed at an altitude of

704 km pointed towards the nadir. No attempt has yet been

made to model the cross-track scan of the receiver since this

is to be expected to contribute only weakly to changes in

viewed radiance across a scene. Sources of variance in de_ected

radiance while scanning include bidirectional reflectance

effects, small chang'es in attenuation due to w_riation in the

slant path range between the IFOV and the detector_ and small

changes in the pure atmospheric path radiance (due to changes in

the slant path range and to changes associated with the angular

dependence of the scattering phase functions for primary

scattering).

The field of view of the receiver was modeled as finite

in most of the calculations. Our initial studies assumed a

circular field of view with an apex semi-angle of 42.6 micro-

radians resulting in a ground footprint which was circular

with a 60 m diameter. This was changed in our later calcula-

tions to a square field of view with angular spread of 42.6

microradians (30 in square footprint) in order to conform more

exactly with the specifications of the Thematic blapper. In

additior_, some calculations were performed with an infinitessimal

field of view. The response of the receiver was taken to be

unifornl (flat) over the field of view for the-sxluarc field of

v i ev:.
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.47

.55

1.65

XRaylei gh TAerosol

t=l

.18934

,10037

.001189

t=O

0.0

0.0

0.0

.24359

.21237

,07332

t_3

- optical thicknes_

, turbidity

.73076

.63711

.21997

f

i Table 1.1

Rayleigh and Aerosol Vertica] Optical Thickness

for Modeled h'avelengths and Turbidities

21



Ground, reflectances were modeled as Lamhort_an through-

out the i.nit_al study even though the code C'I'RANS has the

capacity to treat other types.of relectance. The reflectivity

of the ground was raodeted as horizontally inhomogeneous, consisting

of wlrious one and two di.mcns_onal patterns specifically chosen

to aid_in the analysis of the impact of ground and atlnospheric

scattering on observed radiances, These patterns included

models of the boundary between two semi-infinite planes with

differing albedos, albedo patterns varying sinusoidally (used

to compute the atmospheric modulation transfer function),

isolated square regions of varying size situated on an infinite,

uniform background, pairs of adjoining square regions, and,

checkerboard regions, and infinite uniform ground planes.

t

The effects of clouds and horizontal gradients in the

atmospheric turbidity have not yet been studied. The present

code, CrmXNS is, however, capable of treating these additional

complicat ions.

The solar zenith angles for uhich most of our calculations

were performed were: 40 ° , 55 °, 70 ° and are representative of

the range expected to be encountered by the Thematic ,Xlapper.

Primarily for reasons of economy, we have not modeled

all of the wavelength bands of the Thematic mapper. This study

treats explicitly three wavelengths spanning the visible a:td

near infrared: .4Slim, .551am, and 1.65_,m. It should be noted

that we have modeled the transport of light of specific wave-

lengths and have made no attempt to integrate over the bands.

Additionally, we Should point out that the normalization of

the solar flux incident upon the top of the atmosphere was

taken, for all wavelengths, to be unity. Thus, actual expected

intensities at the receiver may be obtained by scaling the

modeled intensity by the value of the ext'l'aterrestrial solar

flux for the appropriate _'avelengt:h.

22
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1.4 TtIEMATICbIAPPER SPECIFICATIONS

For information purposes, we include here a brief

description of the specifications of the Thematic Mapper

(ref. 3] Spectra]. Bands:

[-,

J

i.

J

Band No. Band Radiometric

(micromo ters) (NEp)

1 0.45-0.52 0.008

2 0.52-0.60 0.005

3 0.63-0.69 0.005

4 0.76 "0.90 0.005

5 1.55-1.75 0.01

6 10.40-1-2.60

(NETD at 30Ok)

0.5K

Where NEp is the noise equivalent reflectance and NETD is the

noise equivalent temperature difference. The spectral region

and radiometric performance of a seventh proposed band had

not yet been specified at the inceptian..of-.this study.

ORBIT

The orbit is to be sun synchronous and circular with

an orbit incination of 98.2 degrees. The design altitude

is 705 km and the north to south equitorial crossing time is

0930 hours local time.

.SPATIAL COVERAGE

The cross-track and along-track IFOV will be approx-

imately 42.6 microradians for bands l-S corresponding to a

30 m field of view. The IFOV boundary is at the 50% responsc

level. Cross track scanning will be approximately _+7"5 °, or

about 185 km coverage.

23
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SQUARL: WAVE RESPONSF

The square wave modulation response (defined as the

ratio of the peak-to-peak signal modulation produced by

scanning a series of high contrast square wave targets to the

signal modulation produced by scanning a series of square

wave targets with half cycles of 500 m) is given below:

Band 1-5, and 7

ground target size (m) 500 60 45 30

modulation response 1 0.85 0.70 0.35

15

informatio:

only

STEP RESPONSE

When scanning a step function (edge) of input radiance

final steady state response (within 0.5%) it is to be achieved

by the fourth receiver field of view dwell time after the

start of the response. Overshoot/undershoot is to be limited

to 1% of the step size. Rise time will be less than 1.6

receiver field of view dwell times (2% of steady state to 2%

of steady state).

DIGITIZATION

Eight bit digitiation will be used (up to 256 grey levels).

24



SECTION 2.0

MODEl, OBSLI,VAIION,q OF GRC)IIND PA'III,RN,

Since we are primarily interested in the results of

image degradation as induced by the interactions at atmospheric

_nd ground scattering, a very natural approach is to choose,

certain definite and particularly useful ground a]bedo patterns

for use as investigative probes. Since CTRANS can treat a

number of Labertian ground patterns simultaneously, it can

model a scan across a boundary simply by modeling a series

of identical patterns with successive incremental displace-

merits. When the same set of photons is used to compute results

for a number of albedo patterns, there is an important additional

benefit: the variance in the computed intensities from one

pattern to another is greatly reduced (even though the variance

in the absolute values of the intensities are larger). An

example of this is found in scans across the boundary of two

semi-infinite planes: those will be realtively little error

from point to point along the scan but there may be larger

error (normal statistical variation) in the overall scaling

which would amount to a shift of the entire curve up or down.

This should be remembered especially when evaluating comparisons

between statistically independent runs [results for each

turbidity are derived from separate runs].

The results to be presented here are derived from three

patterns: a semi-infinite plane, a square field on a uniform

background, and a checkerboard pattern. The boundary of the

semi-infinite plane is scanned, as i.s a boundary of the checker-

board. The isolated field is allowed to expand in order to

investigate, specifically, field size effects. With each study,

we also have included albedo patterl_s corresponding to infinite

uniform planes. This provides asymptotic values, a means for

intercomparison and calibration constants required to tran_'.form

the sensed iatensities to effective albedoes as discussed in

Sect i on 3.
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2.1 AN AI.BI!I!O I_OLINI_AIlY: SI!I_II. 1NF1N1TI! I'I,ANt!S

In order Io sludy et'fe¢t:_ which are induc_'d merely by

tile prest, ncc of b_lndarit, s in t ht' all_cdo patt_'rn of the earth,

it is cxtrelnclv u:;cl'ul to analy;'.c the simplcsl pt_ssiblo case:

lhe boundary bctwc;cn two semi-ini'inilc gound pl:lncs of d iff,,rinp

l,alnberti:ln albtdo (illu:;trated in fil,,urt' 2.1). In order to

silllll'l'll¢ a scan 'lcross sll_'h a boundary, [FI'I_ANS Inodcls lilt,

observed radi-_nte for :1 lllllllb¢'l" Of independent !ll'Olllld _llbedo

lnaps differing t_y the location of lhe bound,lr.v with respc_tt

to the illqlantallcous field of view I, II:OV).

i .
l

In our initial comtmtalion , illuslr_tt, d in fi_;urc "_ _'

',_,t" compare the intensities _t'nsed _,hil.c tr,lvcrsing boundaries

with lhrct, differing_ contrasts. The 'llbedo. pai. rs of the" semi-

infinite planes were (tl.(_, 0 0), 1,0.5, O.l), ([1.,1, 0.2). The

atnlosphcre in this ca:;c iv:l.,; our st:ll_dard ;lllllOsl_h¢'re alld the

wllv_.lcll},.ih w;is 0..r_511111. Scvcr;ll si_,.llifittlnt ('|'l't'¢lS ill't" tO

be llolcd, t{\'¢'11 :_I distanc-cs as large ;:.'; ?. kln f'rom /he boundary,

the sensed inlcusity differs from its asymptotic value. As

the 1FOV api_roachc._ _h,., boundary, the el'feels of tlw bovndary

begins to :;troll!,,l )" at'feet the intcnsitics at .l distance de-

pendent upon lilt' conlrasI of the bOUlld,|rv, For high conlrast

the illllCr l'cllioll of Stl'Ollg, interact loll llldy bc :Is lal',_Ic as

one kilometer. This is, to solu_, extent, dependent Ul_¢_ll the

st;it, ,'llld-sh:lpc of the IFOV, which in this initi:ll ¢omputaliotl

t_'as taken to 1,c circul:lr with a diamctcr o1" (_0 In ;it the

groxmd, i.c., l:lrpcr than thc ll:OV for tilt, 'l'hcmatic _lappcr.

The boundary <'ffccts arc duc Io lhc stat lerin!l prop

el'tic:; of tilt' ,_tn_osphcre. Thesc sc:_ttt'rin_; propcrlics will

b_, tunclio_;.; of acl'os_l t'OllICil[ _111_ distribuI ion as well as

bcing wavclcn_,,lh dcpcndcul. The :.trong, c._I par! of the wavt'-

lcn};th dcpcnd_,ncc al'ist's from lh_' t'acl lhal the Raylci_;i_
- 'I

_IllVI('cllllII'_ St'31lt'l'illl_, cl'Os5 5C_,'|iOll _5 proporlitmal 1o X

l
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FIGUITE 2.1.
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The aerosol scattering cross section Jr also wave]ength

dependent but varies much more slowly with changes in wave-

length than the Rayleigh cross section. In order to exarai_ne

these effects we repeated the semi-infinite plane cl.aculation

for three atmosphere._ differing in aerosol content and computed

results for three wavelengths: 0.47 r 0.55, and 1.65 m. Addi-

tionally, the range of distances from the boundary was extended

to 10.0 kms. and the size and shape of the IFOV was modeled

to match that of the Thematic ,_lapper i.e., as a 30 m square

on the ground. T.he three aerosol distributions are given in

terms of the ratio of the aerosol density at a given altitude

to the aerosol density at the same altitude for the normal

atmosl_here. This ratio is termed the turbidity. Taking

turbidities of 0, 1, and 3, we span the expected aerosol con-

tent range for agricultural regions.

A summary of the results of these computations is

presented in figures 2.3 through 2.7. Here, the distance

of the IFOV from the boundary is presented on a logarithmic scale.

The top three curi'es correspond to the bright side of the

boundary while the bottom curves describe the behavior on the

dark side. The dashed portions of the curves are the results

of interpolations between computed points on either side o£

the boundary. Comparison of figures 2.3, 2.4 and 2.5 illus-

trates the effect of changing the wavelength with other param-

eters held constant. Figure 2.3 inctudcs scales indicating

the percent error from the intensity values corresponding to

infinite uniform planes. In figure 2.4, ue compare results

computed for solar zenith angles of 40 ° and 70 ° . It is seen

that the major effect of increasing the solar zenith angle

is attenuation which shrinks the curves and reduces the con-

trast observed uhile scanning acro:;s tb.e boundary. Figures

2.6 and 2.7 indicate the impact of r-educed contrast at the

boundar)-. One effect of decreased contrast is to shift the

curves relative to one another making the bright side intensit)'

30
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relat:tvely more, imlel)endent of atmosl_h.eric turb:idit), than

the dark side _:urves. This is particularly evident ill

figure 2.7.

As may be seen, at a distance of 10 kin, the dark side

intensities have very nearly achieved their asymptotic values.

For the bright side for shorter wavelengths, higher turbiditLes

and high constr'lst, the presence of the boundary is still felt

to some extent even 10 km distant from it. When the boundary

contrast is reduced, however, the :_symptotic values are achieved

by 10 kin.

One important feature of the curves which wc shall dis-

cuss later is that they are nearly linear in the logarithm of

the distance from the boundary over a fairly wide range. This

behavior cannot be true close to the .boundary and must not be

precisely true at great distances from the boundary. Neverthe--

less, for intermediate distances (on the order of 0.5 to 2.0 km

for low contrast), this linear behavior is an important char_cter-

istic.

L J

Some further insight may be gained by considering to-

gether..computations for all wavelengths and turbidities. It

is true that the scattering properties of one atmosphere at

a given wavelength and turbidity will not be the same as those

for an atmosphere with lower turbidity at a shorter wavelength

even though the total vertical optical depths may be the same.

Nevertheless, some insight may be achieved by exa:nining the

boundary effects simply as functions of the total vertical

optical depth. Table 2.2 gives the total vertical optical

depth for each wavelength and turbidity.

In figure 2.8 we have plotted the change in intensity

at the boundary of two semi-infinite planes of albedo A:0.3

and A=0.1 as a function of EXP(-_) where _ is the total vertical

optical depth. As may be seen, lhe behavinr Ls very t,carlv
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linear. The excu,'sions from l_near:ity are due mainly to the

differences between tile scatter:lng propc_rties of Ra),le_gh and

Aerosol atmospheres of equal optical depth. The second curve

of figure 2.8 is a crude approximation to the effect. ..J is
S

the extraterrestr:ial incident intens:ity (I S _ 1, here).

I o is the path radiance, and tJo is the cosine of the solar

zenith angle. Also included in the figure is a straight line

fit to the aI curw: aI_ .0021 + .0495 EXP(-z) (with correlation

.coefficient rL=.9853). The fit parameters cannot be regarded

as exact since ue know _nat I must approach ,ero as T-_oo

Apart from the rapid change of intensity as an albedo

boundry is crossed, the chief striking feature of the boundard

effect is the difference between the intensity very near to the

boundary and its asymptotic value very far away from the boundary.

Both effects have a theoretical connection which we will discuss

later. We can examine the gross behavior of this residual

intensity in the same fashion as for the intensity change

across a boundary: we examine it as a function of the

total vertical optical depth (or, more precisely, as a function

of EXI'(-_)). Figure 2.9 depicts the behavior of the residual

intensity both for the dark and bright sides of the botmdary.

The linearity of the general trend is accentuated by the

straight line fitted to the points by eye. Note that the

residual intensity must vanish at x=0.

J

The simplicity of the gross behavior of the intensity

change at a botlndary and the residual intensity suggests the

possibility that simple selni-empirical methods might be found

for correcting observed intensities for atmospherically induced

boundary effects.
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2.2 SINCII,I! SQUAP, E F]I!Lr)s

An estimation of the effects to be expected from two

dimensional grotznd reflt'ct;_ncep;_tterns can be made from a

study of the simplest two dimensional pattern: a single

square field surrounded by an infinite uniform region of con-

trast'ing albedo. This pattern is shown schematically in

figure 2.10. Rather than scanning the plane, as was done

for the semi-infinite plane pattern, the IFOV is fixed in

the center of the field and tl_e size of the field is varied.

Figure 2.11 presents an example of simulation results

obtained with a circular IFOV: wavelength, T=0.55pm; solar

zenith angle, 00=220; turbidity=l; IFOV=circular with 30 m

radius. The intensity values approached as the field size

becomes infinite are shown by the arrows. Here it is made

very clear that the finite size of the field may have a large

impact on the sensed intensity even when the fields are of

quite considerable size (on the order of or greater than 8 kin.).

The magnitude of the residual from the infinite field size

case is diminished when the contrast between the field and

its background is reduced. Also notable is the roughly linear

behavior of the intensity with field size for fields larger

than 2-3 kin.

+

iq'

The changes in behavior associated _ith variable tur-

bidity are illustrated in figures 2.12 and 2.13. For these

calculations, the IbOV was 30 m square; the solar zenith angle

was 40°; and, again, the wavelength was 0.55_m. It is seen

that changes in turbidity can greatly modify the intensity

sensed from the centers of small fields. It is to be noted

that the effect is moderated somewhat when the contrast is

reduced but is nevertheless still quite large for moderate

contrasts as shown in figure 2.13..
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The groundas viewed from a sate]l, ite more v.darly.

resembles a patchwork pattern than any of tile aihedo patterns

we have studied thus far. It is clear that th_.s will modify

the behavior of the intensity along a bcan across the ground.

This can be. expected primarily because that part of the senced

radiance which originates from ground scattering outside the

field of view tends towards some average value as the "grain"

of the ground pattern becomes finer and finer. In order

to study this effect, we have modeled the ground patte_rn as a

checkerboard with alternating high and low albedo squares.

Our simulations modeled a scan across a typical boundary by

simultaneously modeling a number of such checkerboard patterns

uith incremental displacements in position w.i.th respect to

the IFOV. This pattern is shown schematically in figure 2.14.

There is an additional, more technical reason for

studying a checkerboard pattern. As shown in section 4, the

grad5ent of the intensity across an albcdo boundary is a

measure of the atmospheric spread function and will be faithfu]

if the regions on either side of the boundary are sufficiently

large. We have e.xamined checkerboard patterns to give an

indication as to how large._these_...regions must be.

Figures 2.15 through 2.23 illustrate our results for

checkerboards with "checks" one kilometer square. Since the

effects uhich we wish to stud}' here are maximal at shorter

wavelengths, we show the results for X=0,47_m. This set of

calculations includes turbidities 0, l, and 3 and checker-

boards with the following sets of contrasting alhedoz:

(0.2, 0.15), (0.,1, 0.2), (0.o, 0.0). In all cases shown here,

the IFOV was 3(1 nl square and the solar zenith angle was 40 ° .

In order to evaluate th,- relativ,_" ilvl, act of the checker-

board pattern on intensity gradi_,nt v,-theds for lneasurit_g
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l

[

the spread function, we simultaneously mode].ed a scan across

the boundary Qf a semi-infinite plane. These curves (labeled

I) are also shown in the figures for comparison with the

checkerboard pattern results (labeled C in the figures).

Tl'le results shown are not smoothed since they have

been automatically plotted. The roughness in .the curves

reflects the statistical jitter inherent in Monte Carlo compu-

tation. The fact that the jitter in the results are correlated

is a consequence of their having been computed simultaneously

(i.e., with the same set of "photons") so that statistical

.variations are shared,

The inteflsity variation across the boundary may be

seen to be appreciably flatter for the checkerboard pattern

-than for the semi-infinite plane. This is to be expected,

for on sgNN_t[y....g!guments alone it must be truethat

[ °.

!

f •

f
[ .

I

! .

-- = 0

dx x=x
o

where x denotes the distance along a scan perpendicular to a

boundary and xo denotes the center or center-line position on

a square.

I

i
i..,

The intensity gradient very near to the boundary is

seen, however, to be very nearly the same for the two patterns.

This means that the inner part of the spread function might

indeed be measured by intensity gradient methods when the

field sizes are this large. Of course, smoothing would be

very necessary for gradient methods since differentiation

is an inherently noisy process.

It is of interest to investigate the effect of shrink-

ing the scale of the checkerboard pattern. In our initial

attempts to do so, we noticed increasing lure] of statistical

56



jitter as the pattern becanm finer and finer. This can be

traced, in l_art:, t'o the statistic:l! variation in tile distribu- ...

tion of pholons over the field of vie',, (even thout,,h t:he field

of view is alreody quite snlall), in order to suppress these

effects, we adopted an infinitessintal field of view and computed

results for pixel centers separated by 3[) m. Figure 2.23 coin-

pares res_tlts for checkerboards with edge lengths of 0.4 km

and 0.8 km with tile results for a :;cmi-infinite plane boundar)'.

Here, the turbidit)'=3, the wavelength was 0.471Jm and the

contrasting albedoes were (,0.3, 0,1). Also shown are the

asy]nptotic valt_es of the intensity which would be achieved

over an infinite uniform pl:,.ne. The curves in the figure

appear in tWO branches corresponding to each side of the

boundar>'.

As may be seen, for field sizes as small as 0,4 km the

gradient method may only be used quite close to the boundary

(3 to 4 pixels away) and becomes unreliable at greater distances

as a guide to the behavior of thc spread function. This -

critical distance increases uhen the field si:e increases. It

is interesting to note that gradient methods seem likely to be

more usable on the dark side of the boundary, 1'his is a con--

sequence, we believe of the effects olT._the variation in the

illumination of the grotmd.
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SECTION 3.0

CAI, IBRATTON hFI, hCI_,

.

One of. the main problems encountered in an effort to

apply satellite obserzcations to the classification of regions

on the ground is that of calibration. The calibration of

sensed radiances to ground albedos is made more difficult

by effects attributable to atmospheric scatteriug.

Even for the simplest conceivable ground reflectance

pattern, a uniform plane, the calibration curve relating

radiance to ground albedo is non-linear. The non-linearity

results from photons which scatter multiply from the ground,

thus illuminating regions of high albedo more strongly than

regions of low albedo. There is also a residual radiance

due to light scattered into the receiver without having

interacted with the ground. This we call "path radiance"

or I
O"

The calibration equation for uniform ground planes

may be easily derived. Let S be the overall probability

that a photon which has been scattered from the ground

returns to the ground. Let T be the probability that a

photon reflected at the ground is scattered into the receiver

multiplied by the flux incid.ent upon the ground. The albedo

A is the probability that a photon incident upon the ground

will be reflected (rather than absorbed). Then

59



I

t

or

I --- I + TAII+SA+(SA}2+(SA)_4,.,.]-- - -
O

TA
I = I +

o 1-SA

(3.1)

{3..2)

Calibration curves, computed by CTRANS, for mli formly Lam-

bertian ground planes are given in Figures 3.1 through 3.3.

Io, T, and S are all dependent upon atmospheric com-

position and structure and are in themselves difficult to

compute analytically. They are all very closely correlated,

however, as shown in Figures 3.4 through 3.b. 'l'lle figures are

based upon values derived from uniform plane cases (with solar

zenith angle=,10 ° and receiver nadir angle=0 ° ) for wavelengths

0.47, 0.55, and 1.65 _m and turbidities T=0,1, and 3. Table

3.1 lists the numericaa values obtained for Io, T, and S for

these cases. Also shown in the figures are least squares

fits to the points using both linear and power law forms.

The goodness of fit is measured by the correlation coeffici-

ent

r 2 = (3.3)
I 12ExiEY i

ZxiYi n

I
(r, xi ) 2j ' (_yi)"n "r>'i_ " i---i--

for a linear fit; for a power law fit, x i and )i are replaced

by gn x i and _n :"'-1 n is the number of fitted points.

60
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Table 3.1.

d

Uniform Plane Intensity Calibration

Solar Zenith Angle = 40 °

Receiver Nadir Angle-- 0 °

Constants

I"

L

I"

I

X(_m) t

.47 0

.47 I

.47 3

.55 0

.55 I

.55 3

1.65 0

1.65 I

1.65 3

e "m T I T S
0

.828 .1893 .01730 .1967 .1416

.649 .4329 .02130 .1894 .2084

.398 .9201 .03278 .1638 .2671

.905 .1004 .01036 .2161 .0825

.731 .3127 .01422 .2031 .1414

.478 .7375 .02351 .1828 .2280

.999 .0012 .00005 .2435 .0013

.928 .0745 .00163 .2339 .0307

.802 .2212 .00468 .2296 .0735

l
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The regre,ssion parameters are generally function,'; of'

tile :;ol;ir ',:eniLh angle and receiver nadir angle, l ° and T

themselve,_ depeml ripen t:he relative _:_,eOlllO|l'y of t]lO .,:,olIIr

alld receiver dil'ectil_n. _ while S dcpellds only upoll the!

atmosphere and grotmd reflt, ctallce character. Using an

appropriately conlpt|ted l'egres.qiOll relatiollship, then, one

nlight dedttce approximate values for any pa:ir of the parameters

given a knowledge of one of them.

llaving establ, ished a set of values for I o, S, and T

by some :hearts, an effective albedo may be associated uith a

sensed radiance through the inverse of tiquation 3.2:

I-.I 0= (3.4)
AeftT 'r+s ( 1- 1o)

The effective albedos so derived would be exact it: the ground

plmle uere tHliforln; i.e., the tr:lnsformation 3.4 eliminates

tile effects of the non-linearities in tile ca]ibration curves.

'rile transformation of l!quation 3.4 does not, however,

elinlinate the effects induced by an albedo, boundary. Appli-

cation of lhe transformation to intensities sensed i.n the

neighborhood of a l_oundary nevertheless has merit: the

shi. ftin!l and scaling thus provided tend to s vm,.netrize the

boundary effects uith respect to the bright and dark sides

of a boundary, l!xan_ples of the effective albedo computed

in this fashion using tile intensity near tile boundary of two

uniform half-planes are shown in Figures 3.7 and 3.8. Coln-

parison of Figure 3.8 with the corresponding sensed intensity

as shmvn .Ln .nigure 2.7 provides a c l.,ar ex:|mplc of the

utility of the II':illS['oFlllalioll. The asyn_l_totic values are

aligned and the l_u:_ching of the intensity curves on the

briFht side of the boundarw (c:lused b.v tilt" convergence of

lilt' C:11 ibl'_ll loll Cttl"Ve:; t:of di Il'ercl,t t_lcbidit its] is l'o,lovctt;

lht' clll'\'t's corrc_.:pOlldi|lg to different turbidi_ it, N atl'e sylll-

metri zed. 08
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l
t

I.

The effective albedo obtained for the expanding squares

albedo palterns _lre illustrated in figures 3.9 and 3.10.

Figure 3.9 may be comparod with its intensi.ty counterpart

showll ill Figure 2.11. Note tha't these are from our earlier

calculation, the parameters being: Turbidity=l, wavolength

-0.55 lira, solar zenith angle 00=220. Figure 3.1.0 illustrates

the behavior of the effective albedo in a v'ery low contrast

situation. The asymptotic values achieved for infinitely

large squares is also shoun in the figures, dramatically

illustrating the very long range effects which occur even

.for very large fields (edges > 8 kin}.
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' FIGURE 3.9.

COMPUTED ALREDO AT CENTER or: SQUARE PATCH
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FIGURE 3.10.

COMPUTED ALBEDO AT CENTER OF SQUARE PATCH

;_ " 0.55 Hm
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SECTION 4.0

TIiEORETICAI, CONSIDERATIONS

In order to establish a basic theoretical fran_euork

suitable for discussion of the impac. • of varigated patterns

of ground reflectance on sensed intensities, we shall adopt

an abstract integral operator formalism. Within this formalism,

the multiplication of an intensity by a scattering or transport

operator implies integration,_ over all intermediate physical

parameters. We retain explicitly only those parameters which

.are of immediate interest to the discussion.

4.1 GENERAL FORMALISM

, Ue :nay formulate our treatment most simply in terms

of the follm_,ing:

i R the intensity (or Stokes vector of th," light)

sensed b), the receiver

,

i s the solar intensity inci.dent upon the top of -

the atmosphere

ags

aRg

aR s

The radiation transport operator u'hose action is

to transport radiation from the top of the atmosphere

to the ground including all orders of atmospheric

scattering (but no ground scattering) -E (Z -_:/_ _4:._cja_l

The radiation transport operator whose action is

to transport radiation from a point on the ground

to the receiver including all orders of atmospheric

scattcri.ng (but no ground scattering)

The radiation transport operator transporting

radiation from the sm_ to the receiver (including

all atmOSlqlcric, but no ground scatl:erillg).
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The radiation tr:lnsport operator whose action is

to transport radiation from one point on the

ground back to the ground including all orders

of intermediate atmospheric scattering but no

intermediate interactions with the ground.

The ground reflectance operator which reflects

radiance from the ground and includes absorption

at the ground (proportional to the albedo for

Lambertian surfaces)

1
l
[

!

.Thus, we may write the intensit), at the receiver in t ,ns of

contributions from light which has buffered zero, onc_ two,

three,.., interactions with the ground:

iR = _Rs is + _Rg g ags is + aRg g _gg g ags is

+ _Rg g agg g _gg g ags is +
(4.1)

formally a geometric series in terms of the basic ground inter-

action. The first term, aRs i s may be identified with the

path radiance (denoted by I ° in the treatment of Section 3).

Assuming that the atmosphere is horizontall)' homogeneous (or

relatively so) and that the ground is a Lambertian reflector

varying from point to point by its scalar albedo, we may

collect together all terms contributing to the illumination

incident on the ground at a point r' and write them as I (r_):
O

F
= ÷/ tiR _Rs is aRg (to r o) g(r o) l(r o) dro_. [4.2)

./
]

The seperahle angular dependence of ],ambcrtiau z eflectance

has permitted implicit inteorati,_n._ over onglt's;.. thus, 1(12_1

is, in fact, the flux incidcn _, on the gr,'_und at 1.<,,
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The argument of aRg indicates that its action is to
transport light which has been reflected from the ground at

the point _2_ into the receiver which is aimed at'a point r o
on the ground (assuming, for the moment, that the field of

view of the receiver is infinitessimal). Equation 4.2 has

the form of a convolution and _Rg acts. as a spread function.

Under the Lambertian ground reflectance assumption,

I(r o) may be obtained from the solution of a linear integral

equation with a kernal of the polar form:

f
- + --dx"

ICr o) ags is Jo agg -o
(Ir " -or'I) gC_ro)iC_.ro) (4.3)

.

' I

For illustration, it is useful to examine the special

case of a ground plane whose Lambertian albedo is uniform

over the whole plane. In this case, g(r o) = g is constant

as is I(ro) ' so that

I = ___s is (4.4)

1-gS

f !where S = dr' _ (ISo-rol) is the probability that a photono gg

eminating from the ground will return to the ground. Inserting

equation 4.4 into 4.2 yields

+ RgCro'So ) g _gs is dro
= ,. (4.5)

iR aRs is 1-gS

which has the form of equation 3.2:

TA

I = I + (4.6)
o 1-SA
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with the corres, pondences

i

F

T--_aRg(ro-ro) ag s i s dr °

A~ g

Io'_ mRs is

I "_ iR

[

I
L

1

Returning to equation 4.3, if the spatial variations in

the ground reflectance, g(ro) are rapid with respect to the

range of the ground-to-ground spread function egg( ro-r _ )

'or if the variations in ground albedo are small (low constrast

ground patterns), we may obtain I approximately from

(4.7)

where _c_) = fl-_$ _._Cl-_o-r'..-oI) gcG)
fd_ %g(Ir-r'l)--O --O

(4.8)

is the local ground albedo averaged over the range of the

spread function agg and

S =fd.y._ agg (Ir'r'-o l) (4.9)

is the probability that a photon emitted from the ground will

return to the ground.

The fundamental importance of equation 4.2 rests upon the

fact that it has the form of a convolution. This permits us to

find a solution for the product g(ro)I(ro) by ¢_;{lng advantage
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of the Fa]tung theorem from Fourier analysis. Let F repre-

sent the Fourier transform operator and F "l its inverse.

For a suital_l.e function u(x) the Fourier transform is (in

one dimension)

F(u) = U(v) u(x) e 2_i:vx dx

and its inverse is -oo

If

_

u(x) = F'I (U) = e-2_ivx

-00

U(v) dv

then

_f

s(x) u(y) V(X-y) dy

-¢0

F(s) = F(u) F(v)

so that

_(u) -

or

u(x) = F-1 [FCs)]

Applying the Faltung theorem to equation 4.2, we obtain

F
I(r) g(__) = F -1 / F(iR-aRs

- [ F{ang)

i s )]
where now F represents a two-dimenslonal Fourier transferm.

(4.10)
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Thus. knowledge of the point spread function aRg' the path

radiance aRs i s and the i] luminat ion of the ground, I permits

the ground albedo pattern to be obtained through Fourier

deconvolution.

4.2 SPREAD FUNCTIONS AND NODULATION TRANSFER FUNCTIONS

If the albedo is low or if the atmosphere is not. _@d

opt!icall.y thi.ck, the major function affecting satellite I---_" _.x:_;,-

observations of the earth is the atmospheric spread function. _tr..._&_

'From a modeling viewpoint the point spread function aRg is __

difficult to assess, but a function closely related to it, =be .

the line spread function is relatively amenable to computation.

The point spread function is essentially the response at the

receiver to a single point at the ground (after subtracting

the pure atmospheric scattering). The line spread function,

similarly, is the response to a line on the ground. Denoting

the point spread function by ap, the line spread function,

aL' is obtain,-d as an integral:

/2pd cp jP ap ( ) dy (4.ii)

lqe-have assumed, then, that the point spread function is

azimuthally symmetric. This will be the case when the re-

ceiver is pointed towards the nadir and the atmosphere is

horizontally homogeneous. Away from nadir, azimuthal symmetry

will obtain approximately if the receiver field of view is

sufficiently small. Assuming azimuthal symmetry, the point

spread function may be obtained from the line spread function

by solving equation 4.11 as an integral equation. The result

is

f_

i d aL(X)

_p(r) -- 2,,r dr jr _'_ 2x dx

(4.12)
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This is uscful bc'cause the line spread function may be ob-

tained in a sttaUght.forward way through modeling.

If the grmmd-to-ground spread function a is small
gg

(optically thin ::;.tmospheres) or if the ground albedo pattern

changes rapidly _,:i.th respect to agg_ then the i].lumirmtion

of the ground will Be approximately constant, Uadcr this

assumption, a L, the line _pread function, may be computed from

the response to a set of sinusoidal albedo patterns. Let

the albedo patterns be of the form (ref, 4)

- + b 1 cos2_vxg (x) b o _

which is illustrated schematically in Figure 4.1. If the

illumination of the ground is approximately uniform and

equal to I then the portion of radiation seen by the receiver

which comes from the ground is given by

/: bl e2_i_x$ -2_i9x'
i+ " io = (x'x'){b o l.--( e )}I dx'
- 2

where io is the path radiance. ' '
_,( J'°

The difference of these responses at each frequency is there-

fore proportional to the symmetric part of the Fourier trans-

form of a. If the receiver points towards the origin, we have

IL QO " X !
i+(o)-i (o) -- b a(-x')[e 2_1v +e '2_iux'

-- b 1 [a(v) + a(-,)] I

L_ - i2_vx

with a(_) e a (x) 4x

] I dx' ..................

t)ItI(ilNAL PA(-,',t_ "._.._

0I," POOR QUALFfy
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., FIGURE 4.1.

SCHEMATIC ILLUSTRATION OF REFLECTANCE GEOMETRY 3.;
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The normalization is obtained from the sum

_+(o) + i (o) - z i O 2b ° a(x') I dx'

2b o a(o) I

Thus, the ratio becomes an estimate of the modulation transfer

function (M'rF): ,- ...... '_ ,.

I

l

b o i+(o)-i. Co) a(v)+aC-v)

b 1 i+(o)+i (o)-2i o 2a(o)

-- Mrv (4.13)

a(,_)

a(o)
if aix)=_(-x)

Figures 4.2 through 4.4 shmq normalized modulation trans-.

fer functions computed for wavelengths =.47_m, .55_m and

1.65v.m and compare results for turbidities 0, 1, and 3. As

may be noted, the MTF is approximately independent of solar

zenith angle. The figures also show the component of the

NTF contributed by the finite field of view of the receiver

which is the MTF for no atmosphere. The system MTF is merely

the product of the MTF's of each component in the system; i.e.,

the total MTF is the product of the NTF for an infinitessima!

field-of view and the MTF o.f the field of \_iew, This is

illustrated in figure 4.5 which compares the MTF's (computed

for the effective albedos) for the field of view, an infinitessimal

field of view, and a finite field of view (taken in this case to

be circular).

The NTF displays some characteristic features which

are uorth noting. First, since it is nornmlized, the MTF

approaches 1.0 (or 100%) in the.low frequency limit. Secondly,

when the field of vieu' is infinitcssimal, the M'rF approaches

a non-zero value or p]ateau in the high frequent)" limit. Thi::
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t

is due to photons from the ground which reach the receiver
4

without scattering and is reflected in the spread function

as a Dirac delta function component. Thirdly, as already

pointed out, the effect of the finiteness of the field of

view is to fold in a cut-off which becomes dominant at high

frequencies (on the order of i0 km "I for a 30 m square field

of view).

L

I

[
L

For the purpose of constructing spread functions and

modulation transfer functi, a: which correctly incorporate the

actual instrumental field of view and sensitivity effects

(as measured in bench tests), it is necessary to have the

atmospheric MTF computed for an infinitessimal field of view.

Figures 4.6 through 4.14 present results for 4000 photon

simulations. The roughness of the curves is the result of

statistical noise in the computation. Since these curves were

plotted automatically, no smoothing has been done. For the

purpose of computing reliable spread functions, these curves

must be smoothed. This can reliably be accomplished by using

a 5 to 7 point running average.

We must emphasize that these computations for infinitessimal

fields of view are the most important and most directly useful

numerical results of this study. Computed MTF's incorporating

finite fields of view depen. 4 on the assumptions adopted to model

the instrumental sensitivity across the field of view. For

example, in our computations utilizing a square field of view,

we assumed a sharp sensitivity cut-off at the edge of the FOV.

The Thematic .Mapper, or any real sensor, however, has a sensi-

tivity which falls off smoothly. For the thematic mapper, the

sensitivity decreases to 50% at the pixel edge and in fact

extends beyond one pixel. Using the measured instrumental FOV,

the full MTF may be constructed (it is simply the product of

the two biTFs).
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When the, sensed intensity is calibrated i.n terms o.f a

mliform p"lne 'equiwllcnt albedo, the impact of tile MTF l)ecomes

especially clear. According to the correspondences following

equation 4.6, the transmissi.on function T, is (assuming that

the flux :illun_i.nating the ground plane is approxi.mately uniform)

T -_ fa (ro-ro) C_gsi s dr'o = a(°)agsl, s (4.14)

where a(o) is the zero frequency limit of the Fourier trans-

form of the spread function, c_, and c_ i istheflux incident
gs s

upon the ground which has not previously interacted with the

ground. The effective albedo is given by

A _ =

i-i
O

T+S(i-i o)

(4.15)

and
g(r') _ i

gs--ss dr'

1-sg

f a (r-r')-.g (r')

i0 + T]
aCo) 1- s_-J

dr ' (4.16)

k

where g is the average albedo over the range of the ground-to-

ground spread function. Substituting for _ in equation 4.15

yields

A _¢

g(r') dr'

'r fT+s []-_%_: --_ffo-)--- ,_(r' ] d ,-' ]
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MuI_ iplic'at ion of' n_unevator and denominator by -.......yields
T

/"_.[r-r') ..,, ,.,

f! " , |,!l+S ',i(o) ....(,e,(r '}-g, dr

uscd[,_(r.-r') dr' :_ a(o_. I f S is small or if_qhc 1'o we have

the ground albedo does not Val'}' V_'I'}' 11/11C]1 ['I'0!11 :i_S aVOl,Lo( value,

g, then the second term :in the dollOlllillatOl" ill3y be neg]ected:

A* (r) _f-_ (r- r' )
J a(o)

g(r' "_ dr' [4.17)

Thus the Sensed equivalent albcdo is the convolution o:f7. the true

ground albedo-pattern g(r') with the.Fourier inverse of the

bI'FF, i.e., with the normalized spread fmlction. This may then

be used to obtain an improved cst imate of the true ground.albcdo

pat tcrll b v deconvolut i on,

Equation 4.17 demonstrates the chief advantage and maiu

just:i float ion l'or dealin,_l with the equivalent _ albedo rather

than the seltsed i-ntcnsity: et'f('ctive albedos are ver.v directly

related to tile true !.,,round albedo through the spread function.

4.3 IMAGll tiNII:\NCI!blI!NT

As _ee have indicated, nccurate kuowledge of the spread

function can be a most important tool in image enhancement.

1.f the brl'F .is 1,11owll, lhe llornmli"ed line spread t'llnction Ina)'.

be obtained through l.'ourier lransfornlatioll; tile poinl spread

function lnav then be, obtained. If the M'I'I: is not knowll ;is _<otl!d

be lho ¢iise for actual data obtaini.,d withotll atixi]iary _l'Olllld

truth inforln',ltioil; theil tilt' spread t'ullc'tic)li lna)' be obtae, lled

97.
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approxi.il_at.el)' b,v stlid)'ing the behavior of i:nten.qit ios in

t]lo vicinit)' l)t ° .sh_lrp ,llbodo botlnd;lries botweoll vor)' lal'go

regions. Con:;ider, for t'x;lnlplo, the silnplo caso of a hiph

contrast boundary between tuo scali.-infinitc planos, 1,or the

albedo pAttorn be lhc step function

g(x) = 0 x<0

= i x>0

The intensity is then approximately

= + A(x-y) g(y) I dyI(x) I °

-Oa

where tile ground illumination, _', is taken to be approxi-

nlat:oly constant (t]ii5 is nolp quite true, of Cotlrgo).

dl d fx
- At.-.) _ d:

dx d x
-i.x_

where we have explicitly used tho--fact that ..o(x)=l for x>O

and transformcd-va-r.t:_bles using x-v=:, h:e obtain a-measure

of the spread funCt:ion, then, from the gradient of l: ncar_-

the boundary.

d 1
_d

- A(x) I
dx

If the variability of 1 i.s considered, it adds :l small term;

we go t .....

d t " i x d
- ACx) _(o) A(_) ---7 (x-_ d z

d x d x
.. t\_
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If the albedo v:lriation is between gO and gl rather than

0 and 1, we. get (aga:in neglecting wlriat, ions in tl_e J.]luln]na-

tion, l)

dI

--- (st-go) A(x) ]
dx

Figure 4.15 depicts the line spread functions obtained

from the gradient of the intensity versus the boundary of an

albedo step function (0., .6) for a wavel.ength of 0.S5_Lm and

the 30 m square IFOV of the thematic mapper. The spread

functions for turbidities 0, 1, and 3 are compared. The

jitter in the curves is a result of statistical noise. The

slight asymmetry, however, is probably real and an expression

of the variation in ground illumination-_across the: boundary.

In figure 4.16 we compare line spread functions computed

from the gradient across a boundary and from the Fourier trans-

form of the MTF. tlere, the field Of view is circular, 60 m

in diameter since the input to the calculation was taken from

some of Our earlier work. The asymmetry due.to the illumination

teach_is even more evident here.

We have used the spread functi6n (of figure 4.16) corn _

puted froni the MTF to deconvolve the effective albedo-for a

step func_tion albcdo pattern (0.5, 0.1) ..... The initial effective

albedo is compared with both the actual-all_edo and the result

obtained by deconvolution in figure 4.17. Present in the

enhanced image is the expected-overshoot and undershoot expected

from the Gibbs phenomenon associated with the finite spatial

bandwidth of the sample and the finite number of Fourier

coefficients used in the deconvol.ution.

In figure 4.18 we colapare the error in the unenhanced

image with that remaining in the enhanced image. As may be

seen, the enhanced imao,.._ is quite gooJ cut to approximately

].00
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FIGURE 4.15. Il
1

:: INTENSITY LINE SPREAD FUNCTION VS. DISTANCE

COMPUTED FROM GRADIENT OF STEP FUNCTION ALBEDO PATTERN (0.6, 0.0)
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FIGURE 6.15.
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I

2.5 km from the boundary. We m,ight have extencked this range

had the spread, function been computed over a wider region.

f •

t..

! -

We must add some cautionary notes at this stage. First,

in order to use a sharp albedo boundary in a Landsat frame

to Qbtai1_ the spread function, the regions on either side of

the boundary must be large. As the size of the regions shrinks,

the intensity pattern obtained by sc_nnJ.11g across the boundary

becomes flat nearer the boundary and spread function which would

be computed from the gradient becomes narrower with a more

pronounced peak, i.e., it deviates from the true spread function.

.Our calculations for a checkerboard pattern (figures 2.15-2.33)

illustrate this effect. If these distorted spread functions

are used for deconvolution, more errors will remain in the

enhanced image than would be the case had the actual spread

function been available. We have not yet .evaluated this

quantitatively, however.

The second cautionary remark which we must_anake concerns

the possible impact of instrumental noise. If electronic noise

is present, the jitter associated with it must be removed before

the spread function .can be used._ One possible scheme for-

achieving a proper .smoothing is to use the noisy spread function

to compute the MTF. Then the MTF can be smoothed and used for

deconvolution. The smoothing should always be ddne in the

frequency domain since electronic noise will be essentially

high frequency noise.

To proceed beyond Fourier dec0nvolution would require

estimates.of the spectrum of the noise. In our simulation,

noise arises from the statistical jitter inherent in the

Monte Carlo simulator. Electronic noise or noise induced by_

quantization has a different character and is, clearly, instru-

ment dependent, igc should point out that a wide variety of

alternate image enhancement techniques exist, many of which

are discussed in reference 5..
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SI!CTIt_N b. 0

, , o, I: CTIII: IMPAi',T Ol: A'l'_ll_;l'lll_RIC SCATTI!RINt', ON (,l,,\,,bl 1 ATION

With tl_e c:!l_ahility to evaluate the atmOsl_heric spread

full¢t ioll _e have acq_ired tho eSSellt i,II tool llecessary to

estimate qtmntitatively the iml_aCt of almosl_heric scattering

and grottI_d l_lane inholno!,_eneit), on the accuracy and adequacy

Of cIassification schemes. Our discussion at this point uill

be heuristic in the sen._e that the details of a genera]

treatment of cI:_ssi, fica_ion remain to be worked out. Never-

theless, as we hope to demonstrate, such a theory iv; within.

reach and In:iv provide great benefits to the remote sensing

f:i el d,

At the outset, we recognize the remote sensing CI:ls-

sifidntion pr.oblen_ to be best addressed within the general

framcw6rk of ini'ornl;_tio|l theory (0) l:iRttre 5 1 :illtlatrates

the illfOl'ln:lt i_'_l flow ill remot-.e c i_xs,;i i'ic:lt ion ,llad hriefly.

liOt_,s tilt, lloiso It,l'lll,,; :lttend:lnt at each stage in the process.

Firstly, th6 ground that';toter belongin!; to a specified

class is itsel.l" variable, For ex;tmple, co-rn re'n)" be ,,,'rg'en or

groeli _tnd brown of may be wet or dry or be pl:lnted densdlv

or sparsely, etc . ) alld yet bt'[ollg,• to ,! Cl,l_';,. . )'COl'll . t)

The ground chrtr;lcter is thel_ coded by.-reflection oi" the

incident l i_,,ht, llere _,'e identify the.-"code" uith the spectral ._

lel'lt'ct:ltlce of tl!e ,_',t'ottild regioll. The encodin!,, is di:sturbed ...

or inFltten,,'e,1 by the precise ch,tv;r,:I,,r of 'th,,., ground i llumi-

liatiotl ,:ltld tilt" bidirt, ctiotl:tl rt.,flt, ct;tnco t'haractel'istics

o ! the gl't)tUlt! l:eg.i.t).!t : ..............................

] 0 0
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The :inFormation is then tr:_nsmitted. Tran._mis.s:ion i:_

identified with the radiative transfer process by which the

light reflected fronl the gro_lnd finds its way into the remote,

detector. Again, noise is introduced which is related to the

ch;lracteristics of the local atmOSld_ere: radiance correspond-

ing to pure ',ltlnOsl_heric path radi:lnce is introduced; variatiL_J_s

in atmospl_eric attenuation constitute noise; noise is intro-

duced hy :_tmospheric scattering of light reflected from the

ground outsi.de the IFOV into the fiel.d of vi.ew.

'the radiance i.s then detected b)' (non-ideal) hardware

uhich introduces additional components of noise. The dis-

cretization or quantination of the detected radiances also

c_lI1 be viewed as :1 source of-noi.se.

The received Signal i,_ then decoded. That is, the

prol_able charncter of tlie ground within the IFOV is inferred

by classification.. This is essentinll)" accomplished by com-

paring the sensed rndinnce with a-truth d:lta set (el: training

field d:lt:l) - constructed froln radiances acctnntilated over

regions 6t" known ch:_r:_cter. Ii" the tr:_ining data set has

not been accumulated under conditions which precisely match

those ufider which the current sampling is carried out, the

mismatch can be considered as contributing noise. Variations

both in the atmosphere and ill ground pattern geometry can

Contr'ibute to this noise term. Eft'cots whi.ch are equivalent

to noise can occur if an i napproprinte c.r inefficient clas-

sification algorithm is employed (for cxalnple, using inappro-

priately cho.qen discrilninants or cost functions) ........................

The goals of a geueral theor)' of classification are

essentially two-fold: 1) to evaluate qnantitativel)' the

impact of each of the sourc,.s _i" classification noise IIDOll

the achievable classification accuracy; 2) Io devise new

highly optimi:'ed classi fication schemes which are robust. .....
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with l'o._|_oct to lht' _'.xl_c'cl'_,,d.so_ll'c_,:.sof ;_o:isc:and col_.sc'qu_lit

error. A lhird tlo:ll is :llso idc.'ntifial_.le, t:ivcn a slzf'l'icit,lltl)'

detaiIt, d aml vaIid:_l¢,d tl_cor)'. Th:is is the possi.l_ility that'

data sets, inform_ltion l'clatil_!_, 'to the state or the atll_osphere

can be exll':l_ rod (;is :l b)'l_rOdHcl oi" a class:if.lear:ion effort).

l_/e mil;ht thtls _l_ticil_le , t'or example, that' _e mi_;ht be able

to ev_luatO distril_t_tion wo_ghled lotal _lOl'OSO] bt_rdens.

1 0 9



1_ ...... i'l"'---- -- ?|r_ _ ,_,l ......

!
i 5.1
1

CI,ABS1 FICAT ION

The key to the ;lnal)':_i._ of the inipac! o1" fl_t" ;Itino.ql_heric

:llltl t;i'otllld l_l:lnt , vaYi:ibililio;4 tipon ¢la.q.qifications i.q the

:ibilii)' to ¢oii.qtriict the prob:ll_iliiy distribution dehsit:y

filllCtit}llS {'Of i':ldi:ll]t't'$ .qensed :lt_c}ve :Ill arbitral')" ,qround

pattern, In tills section, wo uill outline how this lll_l)' t_t"

_lccolnl_lished in the sinlplest cases. No will not, for the

present, explore tho vai'iotis moans for onhancin_l classifica-

tion acctlracv which involve (l.inear o1" non-linear) trans-

£orm:ltions of the radiances, l_tit-will a';sulne that the radi-

_IIICOS _ll'O llSc'tt directly,

Consider, for the ltlOlllOll(, thedata collcction process

which l't'._tll tS :ill :1 I'adiallc'o dist t'il,uI.ioil to l_e :ls.qot'latot_

_'ilh a specified cla:;s of ttl'Otll/d l'OgiOllS, A statistical:Iv

sittnificant s,llnple of. radi.inces is accumulated, for exanlplc,

l_V l'OCOl'diil!_ thc l';ldi:lllt'cS llC_ll" tile COlltCI'S Of |lltlll\' l{ll'g?

field.', or bv sanll>lilig nlany representative fields uniformly.

Our present task i:. t-o provide a description of thi.,i kind

of disiril, ution t:lkin! l into-accotlnt t.lio atnlosphere and .the

I_l'OlllId I_[[IIIC _,COlllOl l'V.

l,eI us-diFro.as , for :l lnomel_t, in order to present

tilt, ulldt, rlvill_t ul:ithc, lnnlical forniul:ie, ,qtipl_OSe tllat w{" wish

I'd find the probnbilit)" distributioli den.qitv ftinct ion

associated with some" {'tiilction _:,(x] whc, l'e x i.q a r;liidoill --

vari_llllc ;lnd _.l(x} is dcterinincd once x is specified, Slip-

pose Ilia( lll_' prob_!l_ilitv den.qitv t'unction for x is given

b)" w(x), 170 Call define tilt" c'h;Ir;lc'leri.qtic fuilc-tiOll t'of

g (X) l>v

21T i: ' fa, 2'11 ii ,' _,X')
"'_'(x_- t ,"

FiI(t',) ." l! {t' f =. e

lqht, rt, 1{( I denotes the ,'xl,dcl,I1 ion

1 111

wtx) dx (s.1.])



The probnl',il itv dcn:,itv di_tributi_n function (or l', is then

given by the l'oilricr tr:!nsFovm of t]le charact, eri_tic fUllCtion:

iY{p,1 '" F -1 [l'g] ,--f t.' (,e;1 e "2_i'q_ d_;

• CUJ O_'l

>

(s._.2) •

:f

b
*4

where 6(x] is a Pirac de]t,l function" J ts(x)dx=l a<x<b

a =0 otherwi so

b

f = <band _tX-Xol fix1 dx f(x o) a<x °

a = 0 otherwise

lqc can apply this.iul;ncdiately to the prol_lc.m of coi:-

strtlc't in,,, t :l prob,ll_ ill Iy vii st r ibut' loll-dolls i tv I'OF sanlpldd

radi'anccs. Rccall l that t:hc r:ldiaince above :4omc point x on

the _l'Olilld i .q !', i VCll BV

- + f Atx.-v] it(v) I (y) dv1(._x) 1° ....... . ,, .....

i_qiile s;ln_l_linF., x i:; a :'andoln \':lri:lblt, sO that l iS

also. lf the saulpliil!,. :;tl",ltcgy is specified lhrough a

probal_il i tv di.;tribtitioll density, w(x), for the s,lulpling

poilll x, lhc,I I,'c ill,iV tt_ll:;{l'l, lt "l. iI c]l,ll':ic'tt'l'iSt it" t'tlllCt ioll

1 1 1



4

for 1 using Eqtmtion 5.1.1 and thence, a prol_ability distri-

bution densi ty function IV(I) by Equation 5.1 . 2.

Thus we obtaSn tile probability distribution density

for sensi.ng a radiance I:

I

co

--, plane plane
CS.i.3)

where w(x) dx is the probability of sampling ,,_,ithin the region
- - dx I dxo

bounded by xl+_- 2- and x2+- _. Equation 5.1.3 is then the single

band signature of the region specified by the sampling function

w(x). It is straightforward to extend this formalism to any

number of bands to obtain a multivariate-probability density

function expressing the signature obtained with a multispectral .

scanner.

In general, there remains.one essential feature to be

incorporated in the expression for lq(I). Even if each field

to be sampled is in fact uniform, the reflectance of individual

fields will have a statistical variation about some mean. In

order to express this fact, we can write the reflectance as

determined by the value of one or more random variables so

that g(y) becomes g(y1,Y2,...;y ) and its statistical behavior

is described through the probability density distribution

assigned to the random variables 5"1,Y2, .... We will illus-

trate this with an example a little later in the_discussion.

|¢e should point out that the reflectance can vary randomly

within a field. This effect, too, can be incorporated into

the formalism,
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We now h_lve the basic tc_ol, s to describe relnote c].assi--
+

_iCal]O]l. In what follows, we Wil] deSCl'il)e the process in

its simplcst form, leaving aside cons:iderat!on of various

cmbell ishments (such as trans for,_at:ions of the radfi antes or

including coat funct:ions) which would becloud tho l_asic

issues. Tn:itially, a training data set is sampled; that is,

a statist;tcally significant sample of radiances is accumulated

for each class. For example, the signature of the class

"corn" may be taken to be the distribution of intensities

corresponding to pi.xels near the centers of large fields

.known (a priori) to be corn. These intensity distributions -

one for each class are then used to identify or classify

radiances sensed over a.new, a priori unknown region. One

identifies an unknown pixel with that class whose training

set distribution is closest in Some sense to the radiance

of the-unknown pixel. For a multispectral system, the

intensity distributions are multidimensional and the dis-

tances between the unknown point (with coordinates given

by the intensities in each channel) and the training set

distr-J.bu.tions (usually us.ing the means or centroids, Or

the peaks of the distributions as reference points) are

n_easured in the multidl.mensional_space.

113- .
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5.2 CI,ASSIFICATION l!l{llORS

Errors in class.i, ficat_on can be traced to a number of

sources. First, there is the fact that the signatures of

the w_rious classes of the training set overl.ap to some

extent. Th_s is essentially irreducib]e and can be traced

to a) micro-physica] similarity between the overlapping

classes (e.g., spectral signatures of leaves of plants in

different classes are similar); b) heterogeneity within a

class (signatures of say young corn and young cotton both

.contain the signature of the earth in which the), are planted).

When signatures overlap, the extent of overlap is a measure

of the likelihood of error.

The second chief source of-error i.s associated with

dissimilarity between the conditions for which the training

data Se-t was accumulated and the conditions existing during

the acquisition of data at an unknown site. The formalism

we have developed provides a guide as to what is meant by ......

"different conditions." We Can trace Signature variations

to ......

r--_1

a)

b)

c)

changes in the atmosphere (changes in I 0, the

pure atmospheric path radiance; changes in the

atmospheric spread function, A; and changes in

the ground illumination, I ) ......
g

changes in solar zenith ang].e (expressed through

changes in 1 o and Ig)

changes in the environmeut _.urrounding the

region or point to be •classified (differing

geometry or f_cl.d size or changes in the char-

acter of nearby regions and the extent of these

regions)
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a) changes induced by restricted s;_mpling of the

training, data set (e.g., sampl:ing unknown near

field edge while sampling training [..ields only

near their centers).

' .q1hc. e are the error sources which may be analyzed through

the application of Iiquation 5.1.3 and its generalizations.

Precise analysis of the impact of atmospheric scatter-

ing on classification accuracy depends, naturally, upon the

details of the classification algorithm and would be specific

with respect to them. Without assuming a particular classi-

fication algorithm, we can illuminate, qualitatively, some

of the effects of atmospheric scattering and ground pattern

geometry. We can approach this most simply by study5ng some

simI'!e examples which can be treated analytically. More

quantitative results can be obtained through numerical

studies using spread function obtained through modeling

or by o.th_er fimans.

W6_will begin with an unrealistically simplified

exampl6 and add realistic features progressively in order

to highlight the various effects and develop some intuitive

ins ight.

Examp I e 1.

We will suppose that the albedo pattern of the ground

i.s of ttie semi-infinite plane type; i.e., g(x) = I x>O

= 0 x<O.

Further, we will neglect, for now, the pure atmospheric path

radiance (we assume I -0). The form of the spread functiono
will be

u 1

A(x) = - -2-;--Z. '
'/t U 4X

(chosen more for its analytic tractabi]ity than for its realism).
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Note that the norm:_].ization of A is chosen so that /A(x)dx=l.
i

For reasons of sinlplic:it:y, we w:ill restrict ourselves to

one spat].al dimons:ion and one wavelength.

'rh'e' intens:ity sensed above a point x w_ll, with those

restrictions be

X

f r [TAN-] x.+ _T/2]I(x) = A(y)r dy : _7 [[
-CO

(5.2.2)

where r is the illumination of the ground, assume_ constant

here. The characterist.ic function is

(s._2.3)

With w(x) as the probability density-function for sampling

the intensity at x. I% will assume--that we sample., uniformly

over the ground (or rather, that we sample with uniform

probability over a limited region) s6 that we niay take

w(x)

'= 0 x<-L

1
- 2L-I,<x<L

- 0 X>l,

(5.2.4)
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in.qcrting t h:i.q into 5.2.3 wo obtain

S_ r TAN" l _x.
l, 21_] _ 21r] r, if

1 u
Fi (r') = _[; dx e e (s.2.s)

The prohal_ility density for obtaining a value of I for the

intensity while Saml_ling :is then given by

OO

,,,(i)-f e "2_igl FI(_ ) dE,

--¢O

(s.2 6)

Changing, variabl.os (y = TAN "1 g)x , this becomes

-I I,
TAN -

r

W(I) = e-2_if, I 1__ e
2L -1-L

-co TAN -
U

2_ ir, rY-• U

e ----.2--dy de
cos y-.......

so that

w(I) - tl 11"-

2L r

1
(5.2.7

for r (TAN-i "I--_+a/2)u -< I -< _I(TAN'I uL+_/2)

= 0 l>gr ('rAN'I l_+,_/u 2)

= 0 I <:_-r (TAN" 1 -I,+IT/u 2)
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If samples are 'gathered only ow, r 1,0<_x<_I,1 the expression far
t

W(1) beco.les

w(]:) -
u _ i

(LI-L 0 ) r \ _ I

r ('rAN'I  r/2) Z -for V + I < r. ('FAN
U

(5.2.7a)

-I ]'I
_._ + 712)
U

°

I

t

[

L

W(1) = 0 for I outside this range.

fNote that W(1) dl = i as it must if W(I) is to be a

probability density distribution for I. The form ofW(1)

is evident being a I/cos 2 _, _- (I-r/2) curve truncated at

values of I corresponding to the extrema of the sampling -

range and normalized so that its integral is unity. This

is illustrated in Figure 5.2 where we have set r=_ for

convenience. If the intensity is sampled uniformly from

x=u to x=2u, the resulting probability density distribution

for I has the form of the shaded region-in the figure. For

reference purposes, in Figure 5.3, we have plotted the in-

tensity as a function of distance from the albedo boundary.

The shaded region corresponds to the shaded region in

Figure 5.2.

If I is samp].ed onl)" over a limited region and if the

distance of this region from the boundary increases, W(I)

approaches a delta function, which is its form for an infinite

uniform plane. We see now the effect of the boundary: it

expands the signature associated with a uniform plane and

skews it towards values of the intcnsit.v associated with

the other side of the boundar)'.
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1

If the purr, ',_lm{_..;pl_eric p;lth radi:znce is nm_ taken

intn ;Iccount, it:; addition inoPely ,._hil't-s the I:axi:; of l:ipure

S,2, A BI;II1ct, ;It Table 3.1 :;hm_':; that thiB shift can be

qllitt' .qllb_;t;ll/t i:ll .

If the V:I1L16 of the albedo.'; on either side of the

l_oundary ,ire ch:lnp, ed, the res_llt i._; a chanp, e in scale of

the l-axis. Since l:ip, nre 5.2 dopicts re:_ults for albedos

0 and _ 1.0, this scale chan!;e is aluays a scale colnpression

for ot ]li.,r :1 lbe_lo va I ues.

Since, for any :ltmOsl_here of Cinite optical t:hickness,

SOlllC l_hotons nre tr:lnsported diPectly ['I'Olll t-he 1FOV to the

detector withoul scat:terinp,, realistic spread i'unctkons must

cont:till ,_ componet_t l_i'oportion:ll 10 a dell8 fun.cti, on. II

is this delta ful/t-tloll colllpotlOllt which is reBponsib-lo fox-

the flattening otlt o1 the M'I_I_ :it hi!;h frequent): wllon the

rccdix;cr field of view is inl'inilosimaI.

l!xaliiple "L, ,

The spread tunction for -o.u.r i'irsl- example uu!v be

modified {o incorpor;ite directly tr;tnsmitted pliotons:

u 1

11" kl " -t X

{s.2.8)

Note th:lt in physic:El c:isds the const,tut C is l_rOl}ortion:ll

to exp{,-'r'},-whore _ is the atmc, splleric Ol,ticai thickness.

t_qtmtion 5.".2: {'or the il_ten::it)" is modified to
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i

r -1 × _. n/"_] + Cr IILx_ (5..)..q)I(x) ,_ (1-.C3 :n: [TAN u "

uhere ll(x)..is the lleaviside I'unction (a unit step at the

or igin) : ..................................

li[x) = ] x',O, )l(x3 = o x<O, It{o) = .s

The dffect of this change in the fOrln of .1 is to split _

the prOb,lbility ,lensi.ty distribution for .I into two p,_rt:s,

sep:lrated by nn alnount prOl_Ortion:il to C. W(1) is given by

I_,'1 (1) = Wx(x)oxp -21_iL[l- _1-C). n t_-÷')l/2")-

(5.2.I0_

0 I;

I ,{,-{:>l . ',o+")1-for MAX 0,, .=-- .... _'rAN t .... _1.
_ - 2 2

lqlN
1 r(l-[:'} r(1-(_:)( 'I'AN 1 I'1 )1

......... L , " - .. +.-1,/2
2 11 2
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4

i

for blAX \ ..... 2.... it u

b|IN ............... I'AN .... + 11/2 + Cr, 1"

I _t u

+ Cr <1<

= 0 for a11 other values for 1

; * 1 " _ *WI(1 )_ is sliown in ll_,tllu 5...1 .. It is clcar that the

impacj of the direct tran.,;nlissi0t: lernl (the delta ful_ction

term) is t6 ]ncrc'aso the scparat:ion of tho signaturcs and

hence to reduce cl:lssification errors.

Ne mu.4t point out that at_this stage we have not yet

included in our oxample the I',_ct that the fi-cld of view' of

the sensor {s I'ini.t-c. It is tlicrcforc ol" interest to nmkc

a quaiitative comp,lrison or" the ,Xll'l:'s Col: our example spread

fuller-ions with the blTl:'s computed for infinitesimal fields

off view and realistic atlUOsl_hcrcs. The bl'l'l:'s for our cx:unplc

sprcad-funclion :ire shown in l:i<:urc 5.5. The qualitativo--

silllilaritv w.ilh :lctual .xlTl:'s i:; stl:iking (see l:i,,.,.ures ,1.7 and

4.8). N;llur:illy, ,lUalnlitat ire agrccuwnl is not to be expected.

If the sensor has uniform sensitivity across a finite

field of view, the effect on tl_c sillnature (or IV(l)'} is Io

fill lhc ,.,.:_p between 1-r{l.-C)/.'.-and I r (l+ t:] /.: ; I_'{1) becomes

equ:ll lo .;I llOll-.:',t'l'O COI151:Illl ill lhis ro?,ion. . .
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The e×amplc.'_ trealed herelo{'ore have been artificial

to the extent 1hat the physic:ll variability of the ground

albedo uilhin a class or amongs( s:lmples l'l'Olll a single area

has been omitted. In order to provide {'or this v;_riability,

one must integrate oveF ;III el_._emble _,_f albedos. The grouml

albedo is taken to be a t'unction of a random variable (or

a set of r_llldoill variables) and has, for each class, a

probabiiity distribution density function. Introducing this

concept, t.'he probal_ility density distribution for the in-

tensity becbmcs

i •

where

n

W(I) w(x) w • ) exp{ 21r "r
• gil

j=l

• dx dY 1 dY2...dY n

1 (xlY.,'_2. "'5'n') "- Io

m

+ f.,A(x-Y'lg(Y:'rl'52"" "Xn'lr dy

(s.2.]1_

Thc. fiwan-ing of g(y;yl,Y2...yn) can be made clear b v an ex-

ample. Supl_ose we wish. lo describe th,- distribution of

intensities obt:_ined By s:_mpling a f:lmily oi _ semi-infinite

planes, l,el th-" albedos of the bright and dark_sides have

stati, stical variation about some mean values. Then

l(x,xt,5" 2) = lo + f,,, A(x-'v?_"r d'v +f0 A(x-Y)5:2

1" d V

(s.2 12)
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i

and the distril_l,tion,_ of Y1 and Y2 are speci1"ied by l_robHbilily

density di'._tril_ul:ion Wg 1(_¢I) and wg2(y2 ) which mi.ht, for

example be (;aussian:

1

2

-(¥i-_13 /2o_.
o.

2 2 ¸
--(y2-F2 ) /20 2

e

or uni form

1 1

w (_']3 : --v ,, ; w (x2) - , ,,
gl gi-gi g2 g2-g 2

! tt ! II

(where _g-1 'gl :llld. ""2' o°2 ,l/'o uppor tllld 16wer ]i.lllits of the

allowed range oC v,_riation).

The impact of inri,_ducin44 variab.ility in the a lbcdo._

is essentia.1]y to smear ,'t-it the l_.rob,lbil itv distribution

density for I. This is e;_sy to see for the case of uniform

planes. In this instance, the intensity is giyen by

I - I +'yr

If T has a (;aussian distributio.n_, we obtain

--f,,,{x)
Z ,1

1 -(x-T) /::o"
C'

/2_-(,
exp{,2_rif,[I-!o-,_r ] dxdrd,, 7.
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f_ 1 -(y-_)2/2o2 a[I-I -yr] dydx_. e o

1 1
-I O

e" i- /2o2

or
1 1

_(I) -

ro
e [I-(Io+_r)]2/2rz°2

l

l

I

L

We obtain, as might be expected, a Gaussian distribution for

I with mean Io+Yr and variance Ì 2 2 2- o where o is the variance

of the distribution of albedos and r is the illumination of

the ground (which here, for simplicity, has been assumed to

be independent of albedo). This is to be compared with the

result corresponding to__non variable albe.dos-for the sam8.

infinite plane case:-

w(I) =  (Z-Io-Yr)

Even the simple spread function used for examples 1 and

2 yields expressions which are analytically difficult, when

variations in the albedo are considered. We yet may gain some

insight into the impact of an albedo boundary_pn the signatures,

however. Tl_e intensity probability density distribution for an

ensemble of uni£orm planes turned out to be unskewed because

the intensity probability distributlion for a single uniform

plane is symmetr:ical - it is a delta function. If, on the

otl_er hand, we consider averaging the intensity probability

distributions for..examples 1 and 2 over ensembles of aIbedos,

the skew ill, say, the bright side distribution wil.l..._he_r.e-

flected ill a .skew in the averaged distribution.
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This hns important consequences in the il_terpretation

of tra_,ning aata sets. The intensity probability distributions

obta:ined from observations of _ patchwork earth will be smeared

or spread by atmospheric scattering and will be skewed towards
the distribution, peaks corresponding to the surrotmdings of the

region whose signature is beiug meas_red, The degree of skew-
hess 5.n the distribl_tions has a direct bearing upon the pre-

cise choice of classifier (e.g., on.the choice of thresholds or

discriminants) .

i .°

t ,

I

i

129



5.3 RF,COblblI;NI_A'I'I( NS

We sholzld, at this sta_,( ,,., make a few _,pecif:ic recom-

mendation:_ in rc, gard both to classil'ication prc_cedtlres and

t.o an;llytical w(_rk which shoL_ld be taken up.

The atmospheric effect: M_ich i.s most l:ikel.y to have a

del.etarious effect upon class-ification accuracy is the var:ta

bility of th,, pure atmospheric path radiance: it provides a

shift in single band intensities which can be large with re-

spect to class separation and-can therefore significantly

impact classification accuracy. As yet, we have discovered

no clean, simple means for estimating this term absolsuteIy.

There iS one method, however, which might provide a way to

minimize its impact. If the i.ntensity probability-distribu-

tion for an entire unknown region is compiled using methods

(sampling strategies) wlii.ch match those...used to compile the

training set, a c.oI.'relation of one with the other should yield

a va].ue for the difference of-I between the two cases, lYhen
o

this difference-is subtracted uniformly frdln the unknown data,

classification accuraci.es should improve.. This procedure is,

however, sensitive to di:Fferences in field size distribution

betwL:en the data sets. I Should be estimated .in this way
O

independently for each sense1: band.- By examining the.-behavior

of this correction-with waveleng.th, some information relating

to aerosol burden may be obtained. To enhance the value of

ttiis type of information and to provide the best estimates of

the corrections to be appl. ied to unknown data sets, the training

data set should be acquired when the turbidity is lllillilllLllll,

If this is done, the correlations between I ° and, for example,

the parameters-T and S can be used to obtain values for T and

S and enable one to transform the unknowndata to obtain equiv-

alent albedos. The--.probabiI[ty density distribution of-ttie

data thus transformed is li.kely to be considerably cleaner

and result in higher classification accuracies.
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t

The shi fits and skew in the intensity probability disl.ri-
4

but.ions i, ntrod_lccd lhrollgh atmospher:i.c scattering and finite

field size effects should be taken :into account in the spec_fica.-

tion of cost functions and thresholds used to classify the data.

Realistic estimates for tile full spread function should be

used to stud)' the precise impact upon accuracy of any given

classificat ion al.j, ori.thm (including trans format ions of tile data).

quantitat.i.ve resul, ts can most economically and precisely be

obtained through judicious modeling.

A quantitative treatment of remote classification should

be pursued along the lines we have indicated. E].ements which

remain to be included are: 1) the joint impact of the forms

of spect.ral dependenc6 of the reflec-tances for the various

classe.s; 2) the impact of- the quantization of intensities;

3) the impact of. instrumental noise; 4) quanti£ication of

information content and effective channeI capacity; 5) direct"

evaluation of -equivo.c;_ti on probabilities. Among other results,

we might be able to specify simple transformations of the

multispectral data which improve c.lassification accuracy.
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The si.mulation studies reported here highlight tile

presence of a number of effects which are likely to be

troublesome if disregarded _n the analysis of tile data to

be acquired, by the Themat.ic Mapper. Our analysis of these

effects has, in addit'L.on, provided some concrete suggestions

for techniques which might beemployed to m_nimize or elimi-

.nate many of these proh]ems.

We have seen that the presence of an albedo boundary

on the earth ma.y affect the radiances associated with points

on the ground as_milch as 1 km away from the boundary. This

is due primarily to light which has been r'eflected from tile

ground outside the IF@\ r and scattered by the atmosphere into

'the sensor. Thus, tlie effect is...enhaf_ced by increases in

the optic.al thicl_ness of the atmosphere (incre_2sing turbidity

and/or decreasing wavelength) ...... Because-o.f variations in the

illumination of the ground associated with grou.nd scattered

light, the boundary e'ffects are more pronounced on the bright

side of a boundary.

For the purpose of analysis, we have seen that it is

very useful to char,qcterize the remotely sensed radiances

by three functions _ (in addition to the ground albedo pattern):

I o, the pure atmospheric path radiance; A(__') the atmospheric

spread function; and Ig(}2) , tile ground ili.umination. I% note

that-a1.1 of these are influenced by the optical state of the

atmosphere; I o and Ig are functions of the solar Zenith ang]e;

and I ° and A are functions of the receiver nadir angle.

If no ground truth or a. "iliary data i:.; available, we

have seen theft it is generally not possible to separate the

ground albedo g(r) from the ground :illmni'nation, ] : they
g
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always appear as a product: g(r) I (r). lqe have, however,
g

suggested indirect means t:or mitigat;ing th_s difficulty. If

the ground albedo :is nearly uni.fornl o1" if the. variations in

the ground albedo are rapid with respect to the range of the

spread funct:ion, the radiances may be transformed by the

non-linear transformation of equation 3.4 provided that
Testimates o£ Io, , and S are avai]able The resulting

effective albedos are then direc':!.y related to the physical

albedo throug]l convo]ution with the normalized spread function.

Since Io, T, and S appear to be approximately linearly related,

.a knowledge of I o sufficies to determine T and S approximately.

From our ana]ysis of the classificati0n problem, it appears

that an operationally useful estimate of I o may be obtained

from the correlation of the signatures of unknown data sets

with training field data sets (.tal_ing care that the data to

be correlated are selected in similar ways). An estimate of

the spread function must then be made in order to deconv01ve

the extra IFOV radiance.- This might be done in several ways.

One method which might piove to be operationally feasible

is--to use the gradient of the intensity near field boundaries

as a guide to the selection of a candidate spread function

from a dictionary of spread functions (previously compiled

through modeling). Because of finite t_ield size effects,

only the i'nner part of the spread function can be estimated

using the intensity gradient metliod. .It might therefore be

possible to specify the inner spread function through measure-

ment o£ intensity gradients and to obtain the remainder

through analytic continuation if the tail of ttie spread

function can be characterized. The atm6spheric spread, func-

tion has not >,et been sufficiently thoroughly studied to

permit this, however.

Onc_..-an operat.ionally adequate est'imate of the spread

function has been hmde, there remains the prol.-lem of decon-

volution. This can be done numer_cal]y using fast Fourier

transform l echniques. Nu_:_,,r_c_3l deconvo]ution is, on the

other hand, extr,,lnelv ti,',e consum!ng and costly M_en very
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m:lny pixel:: nul,;l l_e I_roce:,:_ed. A belle:" nppro:lch w¢_llld be

1o ',1:;_' Ol_tic;tl tecllniqtle,.; i'¢_r the decoll\'olution.

'l't_i::, stlz_l,,' h:ls provided :;ome of the tools whicll _'otlld

be needed I'or lht, itllplclllelllnI io11 o1" illl:l!_,o _,'llh;ll1_.'Olllc'll[ tt'c'h.-

nique::,, l_'e h;l\,e co,lpilcd :_ :_hL, rt c',_t, It,.,,; of M'I'I:';; in u

forlll _tlit:ll_le for coml, in:liiou with :lcttz:ll instr_ullent;li lXl'l'F'_

;llld COll:;[l'l.ICt iOll 0(" :;pVCild ['I, lllCl, ioll.g ['or tho st'llgol'=ililllOsl_hcl'u TM

systcm. Otlr model ;_n;_lvt;is. ol'-.lhe beli_lviOr of 'the illtOll.'-;itV

riear the l_otlndarv of lwo sc.,llii-inl'inile planes indic:lted the

.pre::ence of ,in c.xtend¢,d rnn!',e over which the inten:;iiy v:lried

linearly in ;1 .gc'llli...log plot: 1 _ ;l+b ._n .x. This :iml_lies

Ih:lt the 1 inc spre ld i'tlll_'l, ion possesses a l/x l_eha\'ior over

this r;lue, e-:lnd th:lt the point spread luuction h:ls an ai_l_rOxi-
.-)

male 1/r'" beh:lvior in :l corresponding range, t'relimin:lry

nu:tly.4is I'urthcr indic:_tes th:lt the spre:_d function should

decay t, xpont, nt iallv ,it 1,1r,pe disl,inces.

'l'hc-'re nrc :l number oi" :lspects of the rolliOle sensing

l';ldi_ll]Vt" I I'_lll.'-;l'cI; l_rt)blt'lll t¢llic}l h'O ]l_l'Vt' I101- VOf t'X_ll_lill¢.',.l.

The iml_:lcl of v:lri'_ll, i litv in ,tcrosol lypt, should be assessed.

I_tLTM 1i:1'¢0, ill this sltidv, rostrict.cd otli'scl'¢cs t'o :1 Siilglo

si:'e distril_tliion :lnd re-l'r:lclive in,_lex. The spccil'ic inl'lu-

eric,., of nearby ¢'lotlds rc,_mins--lo be in\'eslie, ated. l:urther,

it is prob,lble th',lt tl,e bidircctionnl reflect:lnce properties

ot: warious kinds-of tarp, cI" I'iclds can h:l\'e :i si,e, nificnnt

illlp;LCl o11. sensed radi:_nces :llld l.IpOll clnssilic:_tion orrol's.

This shotlld delinitelv be. :lddressed in t'iiturc studies,

Wc b,'lieve th:lt ltlriher work should be done I0 ill_ple--.

n_cnt-thc c-l',:s._it'ication I'c, rl;lali::ul whicl_ w;Is l'.ricfly considered

in Sect ion 5. A:;-p;li"l. 0{" I]li.:; t'i'l'ort, the sprc;ld I'UllCI i011 illld

pr;lcti.cal me,ins for c\',llu,ltiilg it-slio_lld bc ._;ttldied. Our

forllltll {:,111 i_'ollld l_l'OVltlc f. ho CilSit',gl , |t'tl,_;{ t'xpt'It.glvt' illld

iliOSI' I_rcc'i.,;t , illt,:in:; for _inalv;till!; tlic ill_p;i¢l tipoil cla:;,,;ilic;i-

I iOll t, rl'or o{', I'oi, ox;luipIt,, t, ri'or.< ill lilt, _;l_i't,,id itlilcl, ioi1,

1 ._,1
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q_sant i:'.at ion noi:;e, .qpecific samplin!,, ,;tr,ltegie:;, ground

illum[n_lti<_u ei'l'ect_, '._pe¢i['ic transforulations of .he dal;l

(._uch _z_.; conversion to et't'ective alhedo_, specific choices

for discriulin;_nt::, etc. Within this fr:imework, proposed

SChOIII_2,q I(_l' cl;I5_'vil'ical'ion illlpl'OVOlll_.'ll{ Cotlld ]_e l:hOl'Otlghly

tested tlrldel" precisely controlled mod,,l conditionS. 'i"he

results o[" these tests could then be verified by trial

with o1_:;<'rvat ional data.
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